We present here the principle of soft magnetic tweezers which improve the traditional magnetic tweezers allowing the simultaneous application and measurement of an arbitrary torque to a deoxyribonucleic acid (DNA) molecule. They take advantage of a nonlinear coupling regime that appears when a fast rotating magnetic field is applied to a superparamagnetic bead immersed in a viscous fluid. In this work, we present the development of the technique and we compare it with other techniques capable of measuring the torque applied to the DNA molecule. In this proof of principle, we use standard electromagnets to achieve our experiments. Despite technical difficulties related to the present implementation of these electromagnets, the agreement of measurements with previous experiments is remarkable. Finally, we propose a simple way to modify the experimental design of electromagnets that should bring the performances of the device to a competitive level.
I. INTRODUCTION

20
Force spectroscopy was introduced in biology in the early molecule, the translational and angular positions of a small 53 probe attached to one extremity of the molecule need to 54 be determined, while its rigidity is independently measured. 55 The force or torque is given by the product of the rigidity 56 by the displacement. From the fluctuation-dissipation theo-57 rem we know that in water, noise arises from the viscous dis-58 sipation of the probe. Table I reports the dependence of the 59 Brownian noise on the size of the probe in the case of force 60 and torque. Typical forces acting on DNA are in the pN range, 61 while torque lies in the pNnm range. Thus, for a one micron 62 diameter bead torque measurements have at least a 100 times 63 more noise than force measurements. The difference is re-64 markable, and it is mainly due to the power 3/2 dependence 65 of the noise on the size of the probe.
66
For this reason, previous attempts of torque measurement 67 on biological objects often relied on the use of two separate 68 systems: one to apply the torsional constraint and/or one to 69 measure the torque. For example, without the need to apply 70 a force, Kinosita and co-workers 4, 16 used either a rigid fil-71 ament (actin) or a small reporter bead to deduce the torque 72 generated by F1-ATPase. The average torque was obtained by 73 multiplying the friction coefficient of the reporter object by 74 its rotational speed. In a second set of experiments, the same 75 group imposed the angle of the motor in order to control ATP 76 synthesis by the motor, but they did not simultaneously mea-77 sure the torque required for this chemical synthesis induced 78 by the torque. 17, 18 More recently, Yoshida et al. used elec-79 tromagnets to impose a specific torque and twist F1-ATPase 80 (Ref. 19 ) without applying a force.
81
When both torque and force are relevant the task is more 82 difficult, Bryant et al. 3 twisted the DNA molecule by rotat-83 ing a micropipette linked to a plastic bead at one end of the 84 molecule, while they pulled on the second end using optical 85 tweezers. They measured torque by recording the rotation of 86 a third reporter bead attached in the middle of the molecule. 87 A slightly simpler solution was proposed by the same group 88 TABLE I. Comparison of signal, noise, and cutoff frequency for force and torque measurements at the biological scale. Here, k B T is the thermal energy, η the water viscosity, and r the bead radius. Values for Brownian noise density and and cutoff frequency are explicitly calculated in the case of a 1 μm bead attached to a 3 μm DNA molecule. The signal to noise ratio is ≈500× higher for force measurement. The typical bandwidth is also ≈10 4 × larger for force measurement than torque. Reducing the bead diameter will improve the torque measurement but drastically reduce the maximum force applicable.
Force Torque
Biologically 
The magnetictorque tends to align the direction of the prefer-137 ential axis of the bead with the magnetic field, while the force 138 is vertical and tends to attract the bead toward the magnets.
139
The stiff constraint imposed on the angular direction of 140 the magnetic particle in traditional MT experiments prevents 141 both the application of an arbitrary constant torque and the de-142 termination of its value. Given the high stiffness (see below), 143 the particle is always subject to a high transient torque that 144 immediately aligns its direction to the external field. In other 145 words, standard MT generate a torque too high, compared to 146 the biological torques one intends to measure. Two permanent magnets, separated by a gap b, are suspended at distance z above the sample of an inverted microscope. (b) Superparamagnetic bead immersed in a magnetic field develops a magnetization. The small anisotropy of the bead favors the alignment of the its easy axis with the direction of the magnetic field. For small angular shifts, the magnetic torque is directly proportional to the shift between the direction of the bead easy axis and the direction of the magnetic field, giving an approximately quadratic angular potential.
using a single magnet version of MT. proportional to the size of the shift:
where k θ determines the stiffness of the elastic response. 
where V b is the volume of the magnetic material of the 208 bead and χ its magnetic susceptibility. We shall show that 209 in both cases torsional stiffness is directly proportional to 210 force. In fact the bead magnetization can be written 
where B Max is the maximum strength of the field, z is the 224 distance between the magnet and the bead, and b is the de-225 cay length of the field [b is typically the gap size of the polar 226 pieces, see Fig. 1(a) ]. The magnetic force acting on the bead 227 may be deduced in both regimes from Eq. (1), Eq. (4), and 228 differentiation with respect to the distance variable z: Notice that b is large compared to the microscopic scales 238 involved and thus the force is nearly constant as long as the 239 bead does not move by a significant distance (b L with 240 L the molecule length). If the superparamagnetic bead were 241 perfectly center symmetric, its magnetization would tightly 242 follow the magnetic field being completely decoupled from 243 the bead angular position. No torque would then be exerted 244 on the bead. Superparamagnetic beads are made by aggregat-245 ing very small (5-10 nm) crystals of iron oxide with a ran-246 dom orientation. 30 Since superparamagnetic materials present 247 a crystalline anisotropy and also some shape anisotropy, the 
268
The torque on the bead arises from the vector product of this 
272
The torque applied to the bead by the magnetic field reads
for (B B sat ).
(7)
274
The torsional stiffness k φ = ∂τ/∂φ is easily related to the 275 applied force using Eq. (6):
where the last approximation holds for small angles φ 1.
277
Since α is small, the force is mainly produced by the first 
295
The focus of the present study is now clear: torque mea- 6)] is sufficiently low to observe the decoupling between the magnets rotation and the bead rotation. The orientation of the permanent magnets is turned at constant angular velocity and the average rotation velocity of the bead doublet is measured. Below the critical velocity the doublet follows the field, above the critical velocity it enters the nonlinear regime and its motion is a sum of an oscillation and a slow rotation. The average velocity in the asynchronous regime decreases as the angular velocity of the field is increased.
sible. Once this is done, the stiffness can be calibrated us-299 ing Eq. (3) and the equilibrium position can be independently 300 determined, so that a direct correspondence between the 301 angular position of the bead and the applied torque is 302 obtained.
303
Our device achieves this purpose and it can be used to 304 study DNA under constant torque or constant torsion, depend-305 ing on the protocol used. With this picture in mind, we can 306 proceed to a step by step description of the protocol used to 307 produce soft magnetic tweezers.
308
III. SOFT MAGNETIC TWEEZERS
309
Reduction of the torsional stiffness while keeping a finite 310 stretching force (in the pN range) on the system is achieved by 311 using a nonlinear coupling regime of a damped rotator system. 312 First, we shall show that in this regime the system behaves as 313 a constant torque generator. However, one usually prefers to 314 impose rotational position while measuring torque. We shall 315 discuss later how to achieve this goal. The X projection of the angular trajectory of the magnetic field and of the bead is pictured in the synchronous and asynchronous regimes. In the latter, when the magnetic field is rotated at high frequency, the bead cannot follow the rotation due to the viscous drag. (b) Annealing the constant torque. Rotation is inverted after some turns and the amplitude of the field is cosine modulated so that it is null at the inversion. The graph shows the effect of these two modification on the magnetic field trajectory. This yields a null average torque and no angular potential. (c) Fixed angular position with torque measurement. Adding a small elliptic deformation of the envelope of the magnetic field allows one to impose an angular potential of arbitrary strength and orientation. be neglected) subject to a rotating field reads
where γ = 8πηr 3 is the rotational viscous drag coefficient 
355
Since the sine function is bound, the magnetic torque on 356 the left-hand side of Eq. (10) presents an absolute maximum 357 value. When the external magnetic field rotates faster than the 358 critical angular velocity ω c = αβ M sat B/2γ , the viscous drag 359 exceeds this value and the motion of the bead decouples from 360 the rotation of the magnetization: in the asynchronous (slip-361 page) regime the bead does not follow.
362
In this regime, as demonstrated in Appendix A, the bead 363 is subject to a constant average torque, indicated by the slow 364 continuous asynchronous rotation that we observe experimen-365 tally. We have, thus, produced a constant torque trap. The 366 torque is a monotonically decreasing function of starting 367 from its maximum value. Nevertheless, the constant torque 368 produced experimentally is still too strong compared to the 369 very small torques at the molecular scale. The limitation 370 comes uniquely from the present electromagnetic implemen-371 tation and will be discussed below.
372
B. Annealing the constant torque
373
The maximum value of torque applied by our device 374 equals αβ M sat B/2 and it is indeed reduced by the frequency 375 ratio ω c / at high rotation frequencies. However, in the cur-376 rent implementation of the device, cannot be experimen-377 tally set to a value where the torque reaches the desired pN nm 378 range while keeping a good magnetic field gradient to have a 379 reasonable force. Thus, the constant torque configuration de-380 scribed above is limited in the present implementation and 381 does not allow the simultaneous application of biological size 382 force and torque. Still, reducing the torque, and annealing it, 383 is possible. We are now going to present an alternative but re-384 lated method to further reduce the torque. The constant torque 385 generated by the asynchronous rotation has the same sign as 386 the angular velocity of the magnetic field. Torque annealing 387 can then be obtained by periodically switching the rotation 388 from + to − so that the applied torque cancels on aver-389 age [see Fig. 3(b) ]. Of course, the switching must occur after 390 the field has rotated an integer number of turns N in each 391 direction. In practice N = 5 gives good results as we shall 392 see later. Experimentally, an abrupt rotation switching is not 393 circle radius for unambiguous measurements; (ii) if the bead 449 rotates fast enough, it spontaneously recenters as the rotation 450 frequency approaches the translational cutoff frequency of the 451 bead molecule system.
452
Alternatively, smaller beads can be attached to large 453 ones, providing an anisotropic image that facilitates angular 454 position tracking. For the purpose of this proof of principle, 455 we used two beads stuck together, the previously named 456 doublet, rotating about one molecule [see Fig. 4(b) ], the 457 angular position is then easily deduced tracking the centers 458 of the two beads. The limitation of this method is the larger 459 viscous drag of the bead doublet.
460
The angular position measurement obtained with two 461 beads tracking is affected by the center tracking error, which 462 is of the order of the size of 0.05 pixel. If the distance between 463 the two centers is small, two unwanted effects appear: (i) a 464 huge uncertainty on the value of the angle and (ii) the angular 465 fluctuations are polluted by noise from the bead displacement 466 leading to inaccurate values of the stiffness obtained via Eq. 467 (3). The magnification of the microscope has to be chosen so 468 that the distance between the two centers is much larger than 469 the pixel size for this effect to be negligible.
470
IV. IMPLEMENTATION
471
The soft magnetic tweezers apparatus is implemented 472 substituting the permanent magnets of magnetic tweezers 473 with electromagnets. 47 Other characteristics are the same as 474 in standard MT. Briefly, a glass chamber is prepared, fixed on 475 the stage of an inverted microscope, and illuminated with a 476 parallel light beam using a red light emitting diode (LED) as 477 a source. Electro-magnets are placed just above the chamber 478 in order to provide a vertical pulling force and a horizon-479 tally aligned magnetic field. Light is collected through a 480 100 × 1.25 oil immersion microscope objective (Olympus, 481 France) and the image is formed on 25 Hz charge coupled 482 device camera (Sony, France). DNA is attached to the bottom 483 of the glass chamber on one end and on a paramagnetic bead 484 on the other end. The image of the bead is used to track its 485 position in the three dimensions.
486
If a static current is applied to the electromagnets, this ap-487 paratus behaves as the traditional MT. It is possible to change 488 the orientation of the magnetic field by using an alternative 489 current with the desired phase between the different coils. 490 This allows rotating the magnetic field at higher frequencies 491 than the MT, and the absence of moving parts also eliminates 492 mechanical vibrations. The current necessary to generate a 493 magnetic field of desired intensity is provided to the six coils 494 by six power amplifiers that take an input signal generated by 495 a computer controlled DAC card [see Fig. 4(c) ].
496
The six coils (Lima 600880, Vicenza, Italy) [see 497 Fig. 4(a) ] are disposed on the six corners of a hexagon. They 498 are made of copper wire and have a resistance of 10 ± 2 . 499 Each of them encloses a cylinder of mu-metal (Goodfellow, 500 Cambridge, U.K.) slightly longer than the coil. These six 501 polar pieces are inserted in a soft steel cap on the top and 502 bent toward the center at the bottom. The XC15 soft steel cap 503 (Tonnetot Metaux, Fontenay-sous-Bois, France) is designed 504 to close the field lines in the system, thus increasing the 505 000000-7 the signal appeared to be more stable in this configuration. We 512 modulate the current driving the coils as explained in Sec. III.
513
The details of the algorithm are reported in Appendix B.
514
The resulting signal has a frequency of 1-2.5 kHz and it is 515 modulated in amplitude and phase at 100-250 Hz. At these 516 frequencies, the coil inductance dominates and the voltage in-517 put to the coils is adapted to maintain the current at the desired 518 level.
519
The voltage signal is generated by a digital to analog 
V. CHARACTERIZATION
537
A. Stiffness calibration
538 Figure 5 shows a comparison between the angular fluctu-539 ations a 4.5 μm bead doublet in a static MT and in the soft 540 MT. The dramatic increase in the size of fluctuations con-541 firms that the stiffness of the trap is reduced by about two 542 orders of magnitude. Due to the implementation with the el-543 liptical field, the stiffness of the asynchronous trap can be 544 continuously tuned from high to low values by varying the 545 ellipticity parameter e. Figure 7 shows the linear relation be-546 tween the stiffness and the ellipticity parameter. The nonzero 547 minimum value obtained indicates the presence of a residual 548 magnetic field due to mechanical imperfections in our setup 549 and it is not a problem for the following measurements, its 550 value being very low.
551
B. Torque calibration
552
The elliptic field implementation, as outlined before, al-553 lows us to arbitrarily choose the orientation of the minimum 554 of the angular potential well.
555
Different calibration schemes are possible, a simple one 556 consists in calibrating the torque against viscous drag and 557 checking that this calibration is independent of the tweezers 558 stiffness. We can, thus, perform an absolute torque calibration 559 with a synchronous detection measurement as follows. First 560 we reduce the stiffness of the trap. Then we let the orientation 561 of the ellipse major axis vary between two angular position 562 in a sinusoidal fashion. The average orientation of the bead 563 doublet will follow the modulated signal with a phase shift φ 564 subject to the condition: The stiffness is plotted here as a function of the ellipticity imposed on the rotating field. As expected, reducing the ellipticity reduces the stiffness of the trap to very low values. Inset: a very small stiffness remains even for null ellipticity. Probably due to geometrical imperfections of the trap, the residual stiffness size is negligible for the purposes of the device.
where is the oscillation frequency of the ellipse main axis, We proceed to the final step in the validation of our de- In Fig. 8 we compare the experimental torque sig-595 nal of a 4.5 microns bead doublet (spiky line) with the 596 size of the biological torque we intend to measure (straight 597 line). This clearly demonstrates that the torque Brownian 598 fluctuations are enormous, due to the large beads used in 599 this proof of principle. This really unfavorable signal to 600 noise ratio requires long time averaging. The experimental 601 procedure was, thus, designed as follows: a molecule attached 602 10 pN nm to thermal drifts.
620
In Fig. 9 
642
Indeed most of these limitations come from the inap-643 propriate electromagnets that have been originally designed 644 for slow varying field. A reduction of the pulling force is 645 observed when the rotation frequency of the magnetic field 646 is increased to values higher than 1 kHz. This could be due 647 to the inductance of the coils that depends on the frequency 648 of the alternating current and also to Foucault dissipative 649 currents developed in the metallic cores. With the current 650 implementation of the device, it was not possible to apply a 651 pulling force to beads smaller than 4.5 μm diameter. A new 652 magnets design should overcome this.
653
Instead of using a permalloy plain rod we intent to 654 use magnetic cores suitable for medium frequencies in the 655 form of thin metallic sheets or an aggregate of iron iso-656 lated particle. Coils should be made of thicker wires with 657 less turns in order to reduce the inductance. As described 658 above, the present electromagnets have very poor tweezers 659 properties: B max ( f = 0) = 10 mT for static field and B max ( f 660 = 1 kHz) ≈ 3mT while b = 1 mm. This is a design based 661 on an old MT configuration with poor performance com-662 pared to the current implementation of standard magnetic 663 tweezers. In fact, we have recently improved permanent 664 magnets design reaching B max ( f = 0) = 250 mT and b = 665 0.3 mm boosting the maximum force by more than a fac-666 tor 25. 53 We need to perform the same kind of work for 667 the electromagnets. It is difficult to evaluate the performance 668 of such a new design, but there is no reason to suppose 669 that electromagnets could not produce a force of at least 670 1/10 of that obtained with permanent magnets as it was the 671 case for the design used here. Thus, a force of 1 pN for a 672 one micron bead should be attainable. In such a case, the 673 noise level of our system would decrease by a factor 4.5 3/2 674 ≈ 10.
675
Another limitation of the current setup is the heat devel-676 oped by the coils when high frequency fields are used. This 677 heat produces thermal drifts of the sample and complicates the 678 longitudinal tracking required for force measurement. Typi-679 cally a bead will drift of 0.5 μm in 20 min. Differential track-680 ing between the beads of interest and a bead fixed on the glass 681 surface will reduce this effect by a factor 10 leading to small 682 error in molecule extension. However, the angular tracking 683 will only work in a reduced range of focus position, (≈2 μm) 684 and thus the vertical drift will not allow very long tracking 685 without refocusing. This problem will also partly be improved 686 with new magnets that will not produce as much heat as the 687 current cores.
In conclusion, we built a new apparatus that allows the 689 application and measurement of torques of biological size. 
The perturbation solution is easily obtained rescaling the 704 time variable from t to t = t. Equation (9) becomes
with χ (t) = θ (t/ ). Increasing the value of can be viewed 706 as effectively decreasing the value of the coupling constant 707 that appears before the sine. For → ∞ the coupling con-708 stant tends to zero.
709
We then look for a perturbation solution with the form,
710
correct to second order in = A/ :
The L.H.S. of Eq. (A2) becomes
714 while the R.H.S. becomes
where we first expanded sin 2[t − χ (t)] using the iden- 
the value of χ 0 is calculated using the initial condition. The average angular velocity of the bead is obtained consid-743 ering the derivative with respect to time of the linear term: 744 θ = A 2 /(2 ).
745
APPENDIX B: ROTATING FIELD CONSTRUCTION
746
In order to apply a determined magnetic field, a relation-747 ship between the voltage applied to each channel and the total 748 magnetic field must be established. Consider a couple of op-749 posed electromagnets. A static magnetic field can be gener-750 ated providing opposite continuous currents to the two coils. 751 The generated magnetic field intensity will be proportional to 752 the electric current passing through the copper coils, which 753 is determined by the voltage applied and the impedance of 754 the solenoid. The total magnetic field generated by the three 755 couples of magnets can be viewed as a linear combination of 756 three magnetic fields generated by coupled opposite pairs of 757 solenoids. The six electromagnets are grouped in three cou-758 ples of inverse polarities. This allows us to drive the six elec-759 tromagnets with three signals, reducing the number of output 760 channels required. 
Rotating phase
762
In order for the slippage phenomenon to appear, the mag-763 netic vector field B has to be rotated sufficiently fast for the 764 viscous drag to prevent the magnetic bead from following. 765 The rotating phase θ (n, t) is defined as a function of time and 766 of the number of turns n. The rotating phase is the junction of 767 two pieces: a uniform anticlockwise motion for n turns, fol-768 lowed by a uniform anticlockwise motion: 769 θ (n, t) = 4nπ (t − t ), t − t < 0.5, where t means Floor[t], i.e., the integer part of t (for posi- 
This depends on a parameter b ∈ [0, 1], which allows to 776 switch continuously from no modulation to full modulation.
777
Here, b = 0 means no modulation. 
And to allow for arbitrary rotation of the axes of the ellipse, axis with the X axis and e controlling the ellipticity.
787
APPENDIX C: APPROXIMATE CALCULATION
788
OF THE GEOMETRIC VISCOUS DRAG FACTOR
789
A sphere that rotates about its axis with angular velocity 790 ω in a viscous fluid is subject to a viscous torque:
792
If the axis of rotation does not pass through the center, 793 but it is at a distance d, the torque generated by the fluid is 794 still proportional to the cube of the radius of the sphere, to the 795 angular velocity, and to the viscosity but the geometric factor 796 will be larger than 8. A first order estimate of the geometric 797 factor for this configuration can be obtained considering the 798 viscous force acting on a sphere that moves with a linear ve-799 locity v in the fluid:
The linear velocity of the center of mass of the off-centered 801 sphere is v = ωd, and the torque corresponding to the viscous 802 force is τ l = d F l . Thus, the total viscous torque acting on the 803 sphere is
This formula allows us to determine the geometric factor γ 805 for various special configurations. A maximally off-centered 806 sphere, for which d = R will give γ = 14. A bead doublet 807 rotating about its center of mass has γ = 28. A bead doublet 808 rotating about the center of one of the two beads has γ = 40. 809 Finally, the configuration of a large 4.5 μm bead with a 810 smaller 2.8 μm bead attached, rotating about the axis of the 811 larger one, is subject to a viscous torque τ ≈ 19.75πηR 3 , 812 where R indicates the radius of the larger bead. 
